Abstract-A dual-band circularly polarized (CP) antenna with wide axial ratio (AR) and impedance bandwidths is proposed. Based on a rectangular ground, the antenna consists of a trapezoid patch, an L-shaped strip, a cavity, and T-shaped and L-shaped perturbations. By embedding a feeding line with a trapezoid patch and an L-shaped strip, dual-band input impedance performance and a CP performance at upper band are obtained. In order to achieve a CP performance at the lower band, a T-shaped perturbation is embedded inside the slot. Moreover, the CP performance is enhanced by inserting an Lshaped perturbation at the right bottom corner of the slot. Furthermore, using a cavity underneath the antenna, unidirectional radiation patterns with greatly gain enhancement are obtained. The measured results show that the impedance bandwidths for S 11 < −10 dB are 22.7% (2.34-2.94 GHz) and 79.8% (4.64-10.8 GHz) while the axial ratio bandwidths (AR < 3 dB) are 26.4% (2.3-3 GHz) and 12.6% (5.2-5.9 GHz) at the lower and upper bands, respectively. Additionally, the measured gain is more than 7.4 dB and 2.4 dB in the two operating bands, respectively. Thus, the antenna can be well applied for both 2.4/5.8 GHz WLAN bands and 2.5/5.5 GHz WiMAX bands.
INTRODUCTION
Recently, dual frequency bands at 2.4 and 5.5 GHz [1] [2] [3] are popularly used in wireless local area network (WLAN: 2.4-2.48 and 5.72-5.85 GHz) and the worldwide inter operability for microwave access (WiMAX: 2.5-2.69 and 5.25-5.85 GHz), and antennas with good performances appear to be a key factor to assure communication quality. For the application, the demand for antennas with circularly polarized (CP) performance is becoming trendy due to the reduction in multipath effects and the flexibility in the orientation angle between transmitter and receiver [4, 5] .
In WLAN/WiMAX applications, the performances of a CP antenna are justified by both axial ratio (AR) and impedance bandwidths, where the AR bandwidth needs to be larger than 10%. In order to meet these requirements, multi-feed configurations have been proposed in several antennas recently, including a 90 • hybrid feed network [6] , a switch line balun [7] and a Γ-shaped feed [8] . However, these structures are complicated, and single-feed configurations are preferred. Thus several single-feed CP antennas have been proposed in [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . In [9] , a coplanar-strip dipole antenna achieves a 3-dB AR bandwidth of 50%. Using a coplanar capacitive feed and a slot, the antenna [10] has an 3-dB AR bandwidth of 7.1%. A single coaxial probe in [11] used to excite circularly polarized patterns achieves an 3-dB AR bandwidth below 7%. Although these antennas have many advantages, only single band is obtained in the designs, which cannot cover the whole WLAN/WiMAX bands. In order to obtain dual-band CP performance, several antennas are also proposed by utilizing T-strip with fork-shaped monopole [12, 13] , combining a Y-shaped radiating patch [14] , using a U-strip slot [15] and inserting a shorting metallic cylinder [16] . Unfortunately, all of them have narrow AR bandwidth less than 10% in the two operating bands. It is also noted that antennas for some applications in the dual bands, such as Wi-Fi access points [17] , gap fillers [18] , and RFID readers [19] , require a unidirectional pattern to provide high security and efficiency of the propagation channels. Therefore, it is desired to design a dual-band and reflector-backed antenna for CP operation.
In this paper, a coplanar waveguide (CPW) antenna with dual-band circularly polarized characteristic is proposed. The antenna is based on a rectangular ground. Using a CPW feeding line with a trapezoid patch and L-shaped strip, the antenna achieves dual-band input impedance performance and a CP performance at upper band. By introducing T-shaped and L-shaped perturbations inside the slot, dual-band CP performance covering the WLAN/WiMAX can be achieved. Moreover, the antenna can obtain unidirectional radiation patterns and greatly improve gain by placing the cavity underneath the antenna. Figure 1 shows the configuration of the proposed antenna, which is fabricated on an FR4 epoxy substrate with a relative permittivity of 4.4, thickness of 2 mm and loss tangent of 0.02. Composed of a trapezoid patch, an L-shaped strip, a cavity, T-shaped and L-shaped perturbations, the proposed antenna is fed Figure 1 . Geometry of the antenna. by a CPW feeding line, where the signal strip and gaps have widths of 3.2 and 1.2 mm, respectively. The trapezoid patch is employed to connect with the end of the CPW feeding line to ensure the well-matched impedance in the operating band, and its the design procedure is illustrated in Figure 2 . The optimal parameters for the antenna are listed in Table 1 . More specifically, as depicted in Ant I, which consists of an L-shaped strip, a trapezoid patchand a ground, the structure provides good impedance matching in both of the bands, but it has a single 3-dB axial ratio operating band. Since E θ and E Φ components are produced by vertical and horizontal parts of the L-shaped strip, respectively, and the current phase on the vertical component is 90 • delayed with respect to that of the horizontal one, the antenna (Ant I) can generate a left-hand CP (LHCP) pattern. To achieve CP performance at the lower band, a T-shaped perturbation is added to the left top corner of Ant I. As a result, dual-band CP performance at about 3 and 5.8 GHz is achieved in Ant II. Through the coupling between T-shaped perturbation and L-shaped strip above the trapezoid patch, Ant II eventually generates the right-hand CP radiation at the lower band. To further enhance the AR bandwidth, an additionally L-shaped perturbation is embedded at the right bottom corner of the slot as shown in Ant III. It can lengthen the vertical and horizontal parts of the current. Finally, the antenna achieves a 3-dB axial-ratio and impedance bandwidths of 23.2% (2.4-3.03 GHz), 21.4% (2.29-2.84 GHz) for the lower band and 9.4% (5.3-5.82 GHz), 75.3% (4.67-10.31 GHz) for the upper band, respectively. The surface current distributions of the proposed antenna at 2.5 and 5.8 GHz are presented in Figure 3 . It can be seen that the horizontal and vertical surface currents can be combined and equivalent to a tilted current. The tilted currents at the four phases (0 • , 90 • , 180 • , and 270 • ) are mutually orthogonal, so that the antenna can excite the RHCP and LHCP at the lower and upper bands, respectively. All parameters of the proposed antenna are optimized using the Ansoft HFSS 14.
ANTENNA DESIGN AND DISCUSSIONS
To investigate the influence of the related geometrical dimensions on the proposed antenna performance, a discussion on the key parameters of the antenna is presented. Throughout the study presented in this section, only one parameter is changed at one time with all other parameters fixed to the values listed in Table 1 . Based on the analysis above in Figures 2 and 3 , the L-shaped perturbation plays a key role in AR performance. Thus, the effect of different lengths of the L-shaped perturbation Frequency (GHz) 2 4 Frequency (GHz) (a) (b) (L 3 ) is analyzed. Figure 4 shows the simulated reflection coefficient and axial ratio with variation of L 3 . As shown in Figure 4(a) , an increase about L 3 results in a decrease in the center frequency of the lower band with the upper impedance bandwidth unchanged. From Figure 4 (b), the 3-dB AR at the upper band shifts to the lower frequency as L 3 increases, which shows that the upper resonant frequency is determined by the L-shaped perturbation at the right bottom corner of the slot. Finally, L 3 is chosen as 6.8 mm to ensure better impendence and 3-dB AR bandwidths. Additionally, the effect of different lengths of the L-shaped strip (H 5 ) on reflection coefficient and AR is analyzed. The increase in H 5 has little influence on the reflection coefficient as shown in Figure 5 (a). The 3-dB AR bandwidth at the upper band in Figure 5 (b) moves to the lower frequency with the increase in H 5 , whereas the AR at the lower band changes slightly. All these results indicate that the L-shaped strip above the trapezoid patch mainly affects the AR bandwidth of the upper band. Hence, an overall good AR bandwidth has been obtained when H 5 = 6.7 mm.
Moreover, through the coupling between T-shaped perturbation and L-shaped strip above the trapezoid patch, a lower CP mode can be preliminary generated by splitting the fundamental resonant mode into two near-degenerate modes along the orthogonal edges of the initial ground. Thus the T-shaped perturbation becomes a key factor in the CP radiation. Figure 6 illustrates the influence of the width (W 1 ) on the antenna performance. Note that an increase in W 1 decreases the distance between the T-shaped perturbation and L-shaped strip, so the coupling between them is enhanced. It Frequency (GHz) 2 4 Frequency (GHz) (a) (b) Frequency (GHz) 2 4 Frequency (GHz) (a) (b) greatly enhances AR performance. Thus, the width (W 1 ) is of great significance for creating the AR bandwidth. Furthermore, since the reflector can disturb and redistribute the surface current on the antenna, the return loss and AR results can be affected by the dimension of the reflector. As shown in Figure 7 , the AR bandwidth is influenced by the dimension of the reflector. By selecting W 1 = 11.4 mm and G = 60 mm, better impendence and 3-dB AR bandwidths which can meet the requirement for WLAN/WiMAX standards are achieved.
RESULTS AND DISCUSSION
A prototype of the CPW antenna is fabricated as shown in Figure 8 . The measurements were carried out using Agilent E8363B vector network analyzer and anechoic chamber. In Figure 9 , it can be seen that the measured impedance bandwidths for S 11 < −10 dB are 2.34-2.94 GHz and 4.64-10.8 GHz. The simulated and measured AR values against frequency are depicted in Figure 9 (b), and the measured result for AR < 3 dB is approximately from 2.3-3 GHz and 5.2-5.9 GHz, successfully covering 2.4/5.8 GHz WLAN and 2.5/5.5 GHz WiMAX bands. The discrepancy between the measured and simulated results is caused by the introduction of the fabrication tolerance.
The normalized radiation patterns of the proposed antenna at 2.5, 5.5 and 5.8 GHz in XZ-plane and Y Z-plane are shown in Figure 10 . It can be observed that unidirectional radiation patterns are obtained due to the cavity. For the lower band (2.3-3 GHz), excellent RHCP radiation patterns can be observed. The LHCP radiation patterns in the upper band (5.2-5.9 GHz) are a little tilted, which is mainly caused by the asymmetrical structure of the proposed antenna. Additionally, the cross-polarizations can keep 16 dB lower than the co-polarizations in +Z direction (θ = 0 • , Φ = 0 • ). Thus the antenna is well applied to both WLAN/WiMAX bands. Figure 11 shows the measured gain of the proposed antenna in broadside direction. The measured peak gain is over 7.4 dB from 2.4 to 3 GHz. Within the upper band, the measured gain is above 2.4 dB, which is much higher than that of the common dual-band CP antennas. Note that, due to the asymmetric radiation pattern, the measured gains in the upper band are not as good as the practical peak gains of the antenna, which may need to be improved in the future. Frequency (GHz) 2 4 Frequency (GHz) (a) (b) 
CONCLUSION
A unidirectional dual-band CP antenna is proposed. Using a CPW feeding line with a trapezoid patch and L-shaped strip, the antenna achieves dual-band input impedance performance and a CP performance at upper band. By introducing T-shaped and L-shaped perturbations inside the slot, dual-band CP performance covering the WLAN/WiMAX can be achieved. Finally, the antenna achieves a 3-dB AR and impedance bandwidths of 26.4%, 22.7% for the lower band and 12.6%, 79.8% for the upper band, respectively. A cavity is utilized to achieve high gain and decreases undesirable back radiation. Good agreement is achieved between the measured and simulated results, indicating that the proposed antenna can be a good candidate for WLAN/WiMAX applications.
